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Abstract
Background: Maternal diet during pregnancy can influence fetal growth. However, the relation between maternal
macronutrient intake and birth size outcomes is less clear.
Objective:We examined the associations between maternal macronutrient intake during pregnancy and infant birth size.
Methods: Pregnant women (n = 835) from the Singapore GUSTO (Growing Up in Singapore Towards healthy Outcomes)
mother–offspring cohort were studied. At 26–28 wk of gestation, the macronutrient intake of women was ascertained
with the use of 24 h dietary recalls and 3 d food diaries. Weight, length, and ponderal index of their offspring were
measured at birth. Associations were assessed by substitution models with the use of multiple linear regressions.
Results: Mean 6 SD maternal energy intake and percentage energy from protein, fat, and carbohydrates per day were
1903 6 576 kcal, 15.6% 6 3.9%, 32.7% 6 7.5%, and 51.6% 6 8.7% respectively. With the use of adjusted models, no
associations were observed for maternal macronutrient intake and birth weight. Inmale offspring, higher carbohydrates or fat
with lower protein intake was associated with longer birth length (b = 0.08 cm per percentage increment in carbohydrates;
95%CI: 0.04, 0.13;b =0.08 cmper percentage increment in fats; 95%CI: 0.02, 0.13) and lower ponderal index (b =20.12 kg/m3
per percentage increment in carbohydrates; 95%CI:20.19,20.05; b =20.08 kg/m3 per percentage increment in fats; 95%CI:
20.16, 20.003), but this was not observed in female offspring (P-interaction < 0.01).
Conclusions: Maternal macronutrient intake during pregnancy was not associated with infant birth weight. Lower
maternal protein intake was significantly associated with longer birth length and lower ponderal index in male but not
female offspring. However, this finding warrants further confirmation in independent studies. This trial was registered at
clinicaltrials.gov as NCT01174875. J Nutr doi: 10.3945/jn.114.205948.
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Introduction
A substantial body of evidence from large cohorts and popula-
tion studies worldwide has shown that small size at birth is
associated with an increased risk of cardiometabolic conditions
in adult life, including type 2 diabetes, hypertension, and
coronary heart disease (1). It has been postulated that fetal
adaptation to a poor in utero environment created by maternal
nutrient imbalance or inadequacy can lead to structural,
functional, and metabolic changes in body tissues and organs,
thereby predisposing individuals to greater risk of cardiovascular
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and metabolic diseases when exposed to excess nutrients in later
stages of life (2).
Maternal nutrition is thus one of the critical factors
influencing fetal growth and eventual birth size (3). Rat models
of altered maternal diet have shown a relation between early-life
nutrition and offspring phenotype (4). For example, both low
and excessively high protein intake in pregnant rodents produce
offspring with low birth weight and thinness at birth (5).
Evidence from human observational studies on the relation
between maternal macronutrient intake and size at birth is,
however, less consistent. Lower maternal protein intake during
late pregnancy was associated with lighter or thinner infants at
birth in several studies (6–10). However, in other studies (11–
14), no association was observed. Only one study showed higher
maternal protein intake to be associated with thinness at birth,
defined by low ponderal indices (15). Concomitantly, higher
maternal carbohydrate intake was linked to thinness at birth
(16), and higher dietary fat intake was associated with longer
birth length in undernourished women (17) in separate studies.
These mixed results are also mirrored in early pregnancy, in
which either maternal lower protein (9, 10, 16) or higher
carbohydrate intake during early pregnancy resulted in smaller
birth sizes (7, 8).
Furthermore, existing studies do not always adjust for total
energy intake (6–8, 11, 13, 17). Among those that did (9, 10, 12,
14–16), several did not have a sufficiently clear description of the
methodology used to allow us to verify whether the adjustmentwas
done appropriately (10, 12, 14, 15). Currently available results
thus do not clearly discern whether the effects on birth size are due
to the fact that increased intake of a specific nutrient contributes to
an increase in total energy intake (nonisocaloric conditions) or
distinguish the relative effects of one nutrient to another (while
keeping total energy constant, i.e., isocaloric conditions).
In the present study (NCT01174875), we examined the
influence of maternal macronutrient intake during pregnancy on
the birth weight, birth length, and ponderal index of offspring
under both isocaloric and nonisocaloric dietary conditions. To
our knowledge, this cohort also provides the first evidence of
how macronutrient intake during pregnancy affects birth size in
a multiethnic Asian population.
Methods
Study design and participants. The present investigation used data
from the GUSTO (Growing Up in Singapore Toward healthy Outcomes)
birth cohort (18). A total of 1247 pregnant women aged 18–50 y were
recruited from 2major public maternity units in Kandang KerbauWomens
and Childrens Hospital and National University Hospital between June
2009 and September 2010. They were Singapore citizens or permanent
residents who intended to deliver in the above-named hospitals, planned to
reside in Singapore for the next 5 y, agreed to donate birth tissues including
cord, placenta, and cord blood at delivery, and had spouses of the same race,
both of whom had a homogenous parental background of Chinese, Malay,
or Indian ethnicity. Women were not eligible if they received chemotherapy
or psychotropic drugs, or had serious health conditions such as type
1 diabetes mellitus. The study was granted ethical approval by the
institutional review boards of the 2 hospitals, and all participants gave their
informed written consent upon recruitment.
Maternal dietary assessment. Dietary intake was assessed at 26–
28 wk of gestation with the use of a 24 h recall and a 3 d food diary. The
24 h recall was conducted by trained clinical staff with the use of the 5-
stage, multiple-pass interviewing technique (19). To assist women in
quantifying their food and beverage intake, visual aids such as
standardized household measuring utensils and food pictures of various
portion sizes were presented. The clinical staff also guided the partic-
ipants in filling out the food diaries for completion at home during the
following week. These food diaries were returned at the next clinic visit.
The food pictures used during the 24 h recalls were also presented in the
food diary to help mothers quantify portion sizes. Nutrient analysis of
the dietary records was performed with the use of nutrient analysis
software (Dietplan, Forestfield Software). For the dietary records of this
study, a food composition database of locally available foods (20)
primarily was used, with modifications made on inaccuracies found.
For mixed dishes not found in the local database, nutrient analyses of
recipes were conducted with the use of the nutrient software. For
other food items not found in the database, nutrient information was
obtained from either food labels or the USDA national nutrient
database (21).
Birth outcome measurements. The main outcome measurements
were birth weight, birth length, and ponderal index; secondary outcomes
were skinfold measurements and percentage body fat at birth. Infant
birth weight and length were taken from hospital medical records and
were measured shortly after birth by midwives at delivery units of
Kandang Kerbau Womens and Childrens Hospital and National
University Hospital. Ponderal index was calculated with the use of the
following formula: weight (kg)/length (m)3. Skinfold thickness at 2 sites
(triceps and subscapular) were measured in triplicate with the use of
Holtain skinfold calipers on the right side of the body and recorded to the
nearest 0.2 mm. The first 3 readings were averaged. If any of the 3
readings differed by $1 mm, another 2 measurements were taken, and
the closest 3 out of the 5 measurements were averaged. Percentage body
fat was estimated with the use of a validated equation derived from our
GUSTO cohort (22) as follows:




where gender = 1 for male, 0 for female.
Covariates. Maternal age, ethnicity, education level, and monthly
household income were obtained from interviewer-administered ques-
tionnaires during recruitment (<14 wk gestation), and information on
pregnancy BMI and lifestyle, such as cigarette smoking and alcohol
consumption during pregnancy, were collected at 26–28 wk of gestation.
To calculate pregnancy BMI, weights were measured in duplicate with
the use of digital body weight scales (SECA model 803) and standing
heights were measured with a stadiometer (SECA model 213).
Oral glucose tolerance tests were also conducted during the clinic
visit at 26–28 wk of gestation to identify women with gestational
diabetes mellitus (GDM). Blood samples of subjects were collected after
an overnight fast and 2 h after a 75 g glucose load. The WHO criteria of
fasting plasma glucose <7 mmol/L or 2 h postload concentration
$7.8 mmol/L was used to diagnose GDM (23).
Infant gender, gestational age, and birth order were obtained from
birth delivery reports. Gestational age was determined by a dating
ultrasound scan in the first trimester.
Statistical analysis. Of the 1247 eligible participants, we excluded 95
women who had undergone in-vitro fertilization or were bearing twins.
From the remaining 1152 women, 835 participants who provided 24 h
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dietary recalls reported to be reflective of their typical diets and had
information on their offsprings birth anthropometric measurements
were included in the present analysis (Figure 1). Women included in this
analysis tended to be older and have a higher monthly household income
and a higher BMI than womenwhowere not included in the analysis (P <
0.05 for all) (Supplemental Table 1).
Birth weight, birth length, and ponderal index of infants were shown
according to various characteristics of the study population (Table 1).
The dietary composition of the women was summarized for the study
population and by ethnicity (Table 2). An independent-sample t test and
1-factor ANOVAwere used to compare means between 2 groups and$3
groups, respectively. Post hoc analysis (all possible pairwise compari-
sons) was conducted with Bonferroni correction to find out which groups
were notably different from one another if the ANOVA tests were
significant. Values in the text are presented as means 6 SDs.
Multivariable linear regression analyses were performed to study the
associations between maternal macronutrient intake and birth outcomes,
namely, birth weight, birth length, ponderal index, skinfold thickness, and
percentage body fat.Models were adjusted for the childs gender, gestational
age, and birth order, and the mothers age, pregnancy BMI, ethnicity, GDM
status, education attainment, monthly household income, and smoking and
alcohol consumption during pregnancy. Because only a subset of partici-
pants (n = 260) completed and returned the 3 d food diaries, the primary
source of dietary datawas the 24 h recalls.We conducted subgroup analyses
on the subset that completed and returned the 3 d food diaries.
With regard to total energy intake, 2 types ofmultivariablemodels were
used in our analyses. To evaluate the effects of one macronutrient relative
to another in isocaloric diets, i.e., total energy kept constant, substitution
models were employed with the use of the multivariate nutrient density
method (24), which expresses nutrient intake as a percentage of total energy
intake. To evaluate the effects of adding a specific macronutrient to the diet
in nonisocaloric diets, the addition model was employed with the use of the
macronutrient partition method (24).
In the substitution models, the effect of a higher carbohydrate, lower
protein isocaloric diet was examined by simultaneously including percent-
ages of energy from carbohydrates and fat, total energy intake, and other
confounding factors. When fat and total energy intake are kept constant,
the only macronutrient that can decrease as the percentage of energy from
carbohydrate increases is protein. Thus, this model can be considered to be
the theoretical substitution of carbohydrates for protein. The same method
was employed to examine the effect of a higher fat, lower protein isocaloric
diet (substituting dietary fat for protein) and a higher fat, lower carbohy-
drate isocaloric diet (substituting dietary fat for carbohydrate).
In the addition model, all of the macronutrients in grams were
included simultaneously with confounding factors, but total energy
intake was not included. The coefficient for a specific macronutrient in
this model can be interpreted as adding 10 g of that macronutrient to the
diet while holding the absolute intake of other macronutrients constant.
As such, these models would represent nonisocaloric dietary conditions.
Potential effect modification by infant gender and ethnicity of the
association between maternal macronutrient intake and birth size was
evaluated by including appropriate interaction terms individually in the
nutrient density substitution models mentioned above. The cohort was also
stratified by offspring gender (male or female) and ethnicity (Chinese,Malay,
or Indian) if the interaction term was significant to explore the gender-
specific effects or ethnic differences of maternal macronutrient intake on
birth outcomes. Macronutrients were modeled as quartiles with the use of
linear regression models to identify a possible graded relation or nonlinear
associations between maternal macronutrient intake and infants birth sizes.
All statistical analyses were performed with the use of the statistical
software package SPSS version 19.0 (IBM). A 2-tailed P value of <0.05
was considered to be statistically significant.
Results
Characteristics of study population with birth outcomes.
The birth outcomes of 835 babies summarized according to
characteristics of the study population are shown in Table 1. Birth
weight, birth length, and ponderal index of the offspring in the
cohort were 30936 430 g, 48.76 2.22 cm, and 26.86 2.80 kg/m3,
respectively. Heavier and longer infants at birth tended to be male
and born full term to women who were older and who had higher
monthly household income and education attainment. Infants with
a higher ponderal index at birth were generally not the first child
and were born to women with a higher pregnancy BMI, lower
education attainment, lower monthly household income, and
without GDM. Chinese infants had a longer birth length than did
Malay infants, whereas the latter had a higher ponderal index than
did the infants of the other ethnicities (P < 0.05 for all).
Dietary assessment of women. The dietary profiles of
participants during 26–28 wk of gestation are presented in
Table 2 according to ethnicity. Maternal daily energy intake was
19036 576 kcal, percentage of energy from protein was 15.6%6
3.9%, percentage of energy from fat was 32.7% 6 7.5%, and
percentage of energy from carbohydrates was 51.6% 6 8.7%.
Total energy intake was significantly higher in Chinese than in
Indians. Indians had a higher carbohydrate intake as a percentage
of total energy and a lower fat and protein intake than did the
Malays and Chinese (P < 0.05 for all).
Maternal macronutrient intakes and birth outcomes. Based
on multivariable-adjusted models (Table 3), no significant
associations were observed between maternal macronutrient
FIGURE 1 Flowchart of participants included for analysis in the
GUSTO (Growing Up in Singapore Towards healthy Outcomes) study,
Singapore. GDM, gestational diabetes mellitus.
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intakes and birth weight for both the substitution and addition
models (P > 0.05 for all).
Replacement of protein by carbohydrate was significantly
associated with longer birth length (b = 0.04 cm per percentage
increment in carbohydrates; 95% CI: 0.004, 0.07). Similar
findings were observed for the addition models, in which the
addition of 10 g carbohydrates, while holding protein and fat
intakes constant, was associated with an increase in birth length
of 0.03 cm (95% CI: 0.01, 0.05) and, additionally, a decrease in
ponderal index of 0.03 kg/m3 (95% CI: 0.003, 0.06).
Sensitivity analysis with the use of bothmodels on the subgroup
that completed the 3 d food diaries (n = 260) showed fairly similar
findings, with lower protein accompanied by either higher fat or
carbohydrate intake during pregnancy being associatedwith longer
birth length (b = 0.11 cm per percentage increment in carbohy-
drate; 95%CI: 0.02, 0.21;b = 0.13 cm per percentage increment in
fat; 95%CI: 0.02, 0.24) and lower ponderal index (b =20.11 kg/m3
per percentage increment in carbohydrates; 95% CI: 20.27,
0.04; b = 20.19 kg/m3 per percentage increment in fat, 95%
CI: 20.36, 20.01) (Supplemental Table 2).
Gender-specific association between macronutrient intake
and birth outcomes. There were potential interactions be-
tween maternal macronutrient and gender in relation to birth
length (P-interaction = 0.009) and ponderal index (P-interaction =
0.001), but not birth weight (P-interaction = 0.81), when
interaction terms were included in the nutrient density substi-
tution models. Therefore, gender-specific associations between
maternal macronutrient intake and birth length and ponderal
index were further explored.
TABLE 1 Birth weight, birth length, and ponderal index of infants according to characteristics of study sample
(n = 835)1
Characteristics of study sample n (%) Birth weight, g P Birth length, cm P Ponderal index, kg/m3 P
Ethnicity 0.58 0.02 ,0.001
Chinese 471 (56.4) 3099 6 438 48.8 6 2.31a 26.6 6 2.83b
Malay 219 (26.2) 3103 6 424 48.3 6 2.05b 27.5 6 2.71a
Indian 145 (17.4) 3059 6 412 48.7 6 2.12a,b 26.4 6 2.69b
Birth order 0.17 0.91 0.04
First child 357 (42.8) 3069 6 429 48.7 6 2.32 26.6 6 2.71
Not first child 478 (57.2) 3111 6 430 48.7 6 2.15 27.0 6 2.87
Maternal age, y 0.006 0.002 0.46
18–24 95 (11.4) 2980 6 384a 47.9 6 1.89a 27.1 6 2.99
25–29 260 (31.1) 3060 6 402a,b 48.6 6 2.14b 26.6 6 2.82
30–34 291 (34.9) 3134 6 440b 48.9 6 2.26b 26.8 6 2.77
$35 189 (22.6) 3132 6 461b 48.8 6 2.37b 26.9 6 2.74
Smoking during pregnancy 0.12 0.10 0.94
No 815 (97.6) 3097 6 430 48.7 6 2.23 26.8 6 2.81
Yes 20 (2.4) 2946 6 393 47.9 6 1.79 26.8 6 2.64
Alcohol consumption during pregnancy 0.19 0.15 0.84
No 821 (98.3) 3096 6 430 48.7 6 2.21 26.8 6 2.80
Yes 14 (1.7) 2945 6 410 47.8 6 2.72 26.9 6 2.92
BMI at 26–28 wk of gestation, kg/m2 ,0.001 0.07 ,0.001
,18.5 9 (1.1) 2724 6 295a 46.8 6 1.30 26.5 6 1.50
18.5–24.9 382 (45.7) 3046 6 398a,b 48.6 6 2.16 26.5 6 2.84b
25.0–29.9 299 (35.8) 3106 6 450b,c 48.7 6 2.27 26.8 6 2.65b
$30.0 145 (17.4) 3212 6 446b,c 48.8 6 2.30 27.7 6 2.93a
Education level 0.11 ,0.001 ,0.001
Primary and secondary or lower 256 (30.7) 3091 6 422 48.4 6 2.04b 27.3 6 2.85b
Postsecondary 302 (36.2) 3058 6 447 48.4 6 2.23b 26.9 6 2.91b
University 277 (33.2) 3133 6 416 49.2 6 2.27a 26.2 6 2.54a
Monthly household income, SGD 0.03 ,0.001 0.001
#1999 119 (14.3) 2995 6 416a 47.8 6 2.14a 27.4 6 2.78b
2000–5999 474 (56.8) 3090 6 423a,b 48.6 6 2.15b 26.9 6 2.84b
$6000 242 (29.0) 3147 6 443b 49.3 6 2.25c 26.3 6 2.68a
GDM 0.29 0.566 0.01
No 686 (82.2) 3100 6 415 48.6 6 2.16 26.9 6 2.81
Yes 149 (17.8) 3059 6 493 48.8 6 2.50 26.3 6 2.73
Gender of offspring ,0.001 ,0.001 0.80
M 432 (51.7) 3162 6 410 49.0 6 2.04 26.8 6 2.73
F 403 (48.3) 3019 6 439 48.3 6 2.35 26.8 6 2.89
Gestational age, wk ,0.001 ,0.001 ,0.001
,37 62 (7.4) 2469 6 481 45.9 6 3.03 25.3 6 2.84
$37 773 (92.6) 3143 6 384 48.9 6 1.99 26.9 6 2.77
1 Values are means 6 SDs or n (%). Independent-samples t test and 1-factor ANOVA were used to compare means between 2 groups and $ 3
groups, respectively. Labeled means in a column without a common letter differ, P , 0.05. GDM, gestational diabetes mellitus; SGD, Singapore
dollars.
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In the substitution models (Table 4), a higher carbohydrate,
lower proteinmaternal diet was significantly associatedwith longer
birth length (b = 0.08 cm per percentage increment in carbohy-
drates; 95% CI: 0.04, 0.13) and lower ponderal index (b =
20.12 kg/m3 per percentage increment in carbohydrates; 95% CI:
20.19, 20.05) in male offspring, but not in female offspring.
Similarly, a higher fat, lower protein maternal diet was also
significantly associated with longer birth length (b = 0.08 cm per
percentage increment in fats; 95% CI: 0.02, 0.13) and lower
ponderal index (b = 20.08 kg/m3 per percentage increment in fats;
95%CI:20.16,20.003) in male offspring but not female offspring.
Similar trends were observed in the addition models (Table 4),
in which the addition of 10 g carbohydrates, while holding
protein and fat intakes constant, was associated with an increase
in birth length of 0.04 cm (95%CI: 0.01, 0.06) and a decrease in
ponderal index of 0.07 kg/m3 (95% CI: 0.03, 0.10) in male
offspring only. Conversely, the addition of 10 g protein, while
keeping carbohydrates and fat intakes constant, was associated
with shorter birth lengths (b = 20.12 cm per 10 g increment in
protein; 95% CI:20.20,20.03) and higher ponderal index (b =
0.17 kg/m3 per 10 g increment in protein, 95%CI: 0.04, 0.29) in
male offspring but not apparent in female offspring.
Quartile analyses of maternal protein intake based on percent-
age of total energy (in the substitution model) revealed a dose-
response relation between maternal protein intake and infant birth
length and ponderal index in male offspring but not in female
offspring. Male offspring born to women in the lowest protein
quartile (mean protein = 11%of energy) were 0.89 cm longer (95%
CI: 0.39, 1.39) (Figure 2A) and 1.06 kg/m3 lower in ponderal index
(95% CI: 0.31, 1.80) (Figure 2B) than those born to women in the
highest protein quartile (reference quartile; mean protein = 21% of
energy). Quartile analyses of maternal protein intake based on
addition models showed similar findings (Supplemental Table 3).
In secondary analyses, no substantial associations were
observed between maternal protein intake and skinfold thick-
ness or percentage body fat of their infants at birth for either
gender (Supplemental Table 4).
Ethnic differences in the association between macronutri-
ent intake and birth length. There was a potential interaction
between maternal macronutrients and ethnicity in relation to birth
length, but not birth weight and ponderal index. With Indian as a
reference, the P value for interaction was 0.003 for Chinese and
0.035 for Malays. In the substitution models (Supplemental Table
5), the association between a higher carbohydrate, lower protein
isocaloric maternal diet and longer birth length appeared stronger in
the Chinese (b = 0.05 cmper percentage increment in carbohydrates;
95% CI: 0.01, 0.10) and Malays (b = 0.04 cm per percentage
increment in carbohydrates; 95% CI: 20.03, 0.10) than in Indians
(b = 20.01 cm per percentage increment in carbohydrates; 95%
CI: 20.10, 0.08). Similar findings were mirrored in the addition
models.
Discussion
In this prospective cohort study, we found no associations
between maternal macronutrient intake and birth weight in
either isocaloric or nonisocaloric conditions during 26–28 wk
of gestation. Instead, a lower-protein, higher-carbohydrate diet
during pregnancy was associated with longer birth length. Upon
stratification by infant gender, a lower protein intake with either
higher carbohydrate or higher fat intake was significantly
associated with longer birth length and lower ponderal index in
male offspring, but not female offspring. Furthermore, decreas-
ing protein intake without increasing carbohydrate or fat intake
TABLE 3 Associations between maternal macronutrient intake during 26–28 wk of gestation and birth
dimensions of the baby1
Birth weight, g Birth length, cm Ponderal index, kg/m3
Substitution models (isocaloric)
Substitution of carbohydrate for protein 2.50 (23.75, 8.75) 0.04 (0.004, 0.07)* 20.04 (20.09, 0.01)
Substitution of fat for protein 4.53 (22.73, 11.79) 0.03 (20.01, 0.07) 20.01 (20.07, 0.05)
Substitution of fat for carbohydrate 2.03 (21.25, 5.31) 20.01 (20.03, 0.01) 0.03 (20.001, 0.05)
Addition models (nonisocaloric)
Addition of carbohydrate 0.88 (22.74, 4.51) 0.03 (0.01, 0.05)** 20.03 (20.06, 20.003)*
Addition of protein 25.50 (217.40, 6.39) 20.06 (20.12, 0.01) 0.04 (20.05, 0.13)
Addition of fat 8.58 (22.36, 19.53) 0.02 (20.04, 0.08) 0.04 (20.05, 0.12)
1 Values are b (95% CI), n = 835. Values are based on multiple linear regression models and reflect the difference in birth dimensions when
adding 10 g of macronutrient to the diet or substituting 1% of energy of macronutrient for another macronutrient. Models are adjusted for
the childs gender, gestational age, and birth order, and the mothers BMI, ethnicity, age, education level, monthly household income, and
gestational diabetes mellitus, alcohol use, and smoking statuses. *P , 0.05; **P , 0.01.
TABLE 2 Dietary composition of pregnant women at 26–28 wk of gestation by ethnicity1
Dietary composition
Total study






(n = 145) P
Daily energy intake at 26–28 wk of gestation, kcal 1903 6 576 1958 6 572a 1874 6 617ab 1767 6 500b 0.001
Energy from protein, % 15.6 6 3.88 16.3 6 3.91a 15.2 6 3.92b 14.2 6 3.21b ,0.001
Energy from fat, % 32.7 6 7.52 33.6 6 7.15b 32.8 6 7.72b 29.7 6 7.63a ,0.001
Energy from carbohydrate, % 51.6 6 8.68 50.1 6 8.30a 52.0 6 8.54b 56.1 6 8.56c ,0.001
1 Values are means 6 SDs. One-factor ANOVA was used to assess differences in daily energy and macronutrient intake across ethnic
groups. Labeled means in a row without a common letter differ, P , 0.05.
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(i.e., nonisocaloric condition) was also associated with longer
birth length and lower ponderal index. These results present 2
different perspectives that support the same conclusion.
To our knowledge, this is the first study that used substitution
models to examine the relative effects of macronutrients on birth
size outcomes while adjusting for total energy intake. Existing
studies were largely limited by the fact that energy adjustment
was either not reported to be conducted (6–8, 11, 13, 17) or used
a methodology that was not clearly described (10, 12, 14, 15).
Comparison with previous studies. Previous studies have not
consistently observed an association between macronutrient
intake and birth weight (6, 7, 9–17). This may be attributed to
the different gestational time points at which the diets of the
women were evaluated and it is biologically plausible that the
fetus has varying nutritional requirements at different stages of
gestation (25). Focusing on maternal macronutrient intake
ascertained during late pregnancy, several studies reported no
association (6, 12, 14, 16, 17), whereas some studies showed
positive (7, 9), inverse (15), and quadratic relations (10) between
maternal protein intake and birth weight. Conflicting results
may be due to differences in dietary assessment methods (7, 10,
15) and small sample size (9), which may have made the study
more prone to chance findings. Consistent with most studies, we
found no association between maternal macronutrient intake
during 26–28 wk of gestation and birth weight.
We found an association between maternal protein intake
and birth length, particularly in male offspring. Higher maternal
fat intake and longer birth length was previously observed in an
undernourished cohort (17), which had a lower fat intake than
recommended. Two other studies in the United States (14) and
Australia (15) reported no association between maternal mac-
ronutrient intake and neonatal length at birth, even though
maternal protein intake (percentage of energy) was similar to
that of our cohort. In these studies, however, gender-specific
associations were not examined. Our finding is reminiscent of
the Dutch (26) and China famine studies (27), as well as
experimental investigations with the use of rat models (28) that
have shown that maternal malnutrition has greater conse-
quences on male offspring, such as higher rates of stillbirths and
a higher risk of hypertension during adulthood. It has been
postulated that male offspring are at higher risk of becoming
undernourished, because they grow faster than females. Thus,
they are more vulnerable than female offspring in circumstances
of maternal nutrient imbalance or inadequacy (29). Similarly,
Alwasel et al. (30) observed that boys, but not girls, born to
women who were in the second trimester of pregnancy during
Ramadan, which is a 1-mo period of daytime fasting, had longer
birth length than boys born to women who were not pregnant
during Ramadan. However, the contribution of specific macro-
nutrient intake was not examined in these earlier studies.
We also observed that lower protein combined with higher
carbohydrate or fat intake during 26–28 wk of gestation was
associated with a lower ponderal index in male offspring. This
finding is in line with previous findings in the United King-
dom (8) and Australia (16), where lower protein and higher
carbohydrate intake during late pregnancy were associated
with thinness at birth, characterized by a lower ponderal index.
However, we recognized that the lower ponderal indices
observed in our study could be an artifact stemming from
changes in birth length without the accompanying change in
birth weight, and thus may not necessarily be a true reflection
of reduced adiposity. The lack of significant association
between maternal protein intake and offspring skinfold
thicknesses and estimated body fat percentage at birth further
support this.
Possible mechanisms and implications. Adequate protein
intake during pregnancy is important to support synthesis of fetal
and placental tissues for growth and development (3). However,
the precise molecular mechanisms underlying the relation between
maternal protein intake and fetal growth is less known. Rat
experimental studies have shown that pups born to protein-
restricted mothers had lower insulin-like growth factor concen-
tration (31, 32), which was associated with a lower ponderal
index at birth (33). Several follow-up studies of offspring born to
women whose diets were recorded during pregnancy suggested
that maternal macronutrient intake during pregnancy not only
affects fetal growth but has long-term implications on offspring
health. For example, protein coupled with a higher carbohydrate
diet during pregnancy has been associated with higher offspring
blood pressure when older (>55 y later) (34); this was only seen in
male, but not female offspring (35). Furthermore, thinness at birth
was associated with an increased prevalence of coronary heart
disease, high cholesterol concentrations, and impaired glucose-
insulin metabolism in adulthood (36).
Methodologic considerations. Strengths of our study included
the prospective design, the study of Asian ethnic groups, the use of
the nutrient density substitution method and macronutrient
TABLE 4 Associations between maternal macronutrient intake during 26–28 wk of gestation and birth length
and ponderal index, stratified by infant gender1
Birth length, cm Ponderal index, kg/m3
Male Female Male Female
Substitution models (isocaloric)
Substitution of carbohydrate for protein 0.08 (0.04, 0.13)*** 20.001 (20.05, 0.05) 20.12 (20.19, 20.05)** 0.04 (20.03, 0.12)
Substitution of fat for protein 0.08 (0.02, 0.13)** 20.01 (20.06, 0.05) 20.08 (20.16, 20.003)* 0.06 (20.03, 0.14)
Substitution of fat for carbohydrate 20.01 (20.03, 0.02) 20.01 (20.03, 0.02) 0.04 (20.00009, 0.07) 0.01 (20.03, 0.05)
Addition models (nonisocaloric)
Addition of carbohydrate 0.04 (0.01, 0.06)** 0.02 (20.01, 0.05) 20.07 (20.10, 20.03)** 0.01 (20.03, 0.05)
Addition of protein 20.12 (20.20, 20.03)** 0.003 (20.10, 0.09) 0.17 (0.04, 0.29)* 20.10 (20.24, 0.04)
Addition of fat 0.05 (20.03, 0.13) 20.01 (20.10, 0.08) 0.02 (20.09, 0.13) 0.05 (20.08, 0.19)
1 Values are b (95% CI), n = 432 for male offspring and n = 403 for female offspring. Values are based on multiple linear regression models and
reflect the difference in birth dimensions when adding 10 g of macronutrient to the diet or substituting 1% of energy of macronutrient for another
macronutrient. Models are adjusted for the childs gestational age and birth order, and the mothers BMI, ethnicity, age, education level, monthly
household income, and gestational diabetes, alcohol use, and smoking statuses. *P , 0.05; **P , 0.01; ***P , 0.001.
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partition models to evaluate both isocaloric and nonisocaloric
dietary conditions (37), respectively, and the assessment of birth
length and ponderal index in addition to birth weight.
Some limitations of our study are worth noting. First,
maternal dietary information was obtained primarily from a
single 24 h recall that may not be representative of an
individuals usual intake because of variation in intake from day
to day. However, using 3 d diet records in a subgroup of
participants provided essentially the same results for maternal
macronutrient intake and birth outcomes.
Second, it is possible that maternal protein intake might be
intercorrelated with other dietary factors because of common
dietary sources. For example, maternal protein and phosphorus
were found to be highly correlated (Supplemental Table 6) and,
therefore, the contribution of other dietary components toward
birth outcomes cannot be excluded.
Third, it was observed that lower protein during pregnancy
was associated with longer birth length in the Chinese and
Malay offspring but not in the Indian offspring. However,
caution is needed in interpreting this result, because the smaller
sample sizes of theMalays (n = 260) and Indians (n = 183) might
be a possible reason for the absence of significance because of
insufficient statistical power.
Fourth, birth length is more prone to measurement error than
weight (38), and it is now increasingly recognized that ponderal
index is only a proxy marker of adiposity (39). Hence, further
studies that explore an infants body composition and skeletal
growth are warranted to determine the impact on fetal growth.
In our cohort, 2.3% of the women were vegetarian and the
protein source in the vegetarian diet is different from that in a
nonvegetarian diet. We did not assess protein source and quality,
which could potentially influence birth outcomes, as reported in some
studies (7, 40). This is an aspect that warrants further investigation.
In conclusion, maternal macronutrient intake was not found
to be associated with birth weight. In the male offspring, lower
protein and higher carbohydrate or fat intake during 26–28 wk
of gestation was associated with longer birth length and lower
ponderal index. No associations were seen between skinfold
measurements and percentage body fat. The findings related to
birth length are still premature for clinical implications and
replication in further independent studies is needed.
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